Introduction amplitude. The amplitude distribution of the quantal events is skewed toward smaller amplitudes (Kidokoro Synaptic transmission depends on the packaging of et al., 1980; Evers et al., 1989) . In contrast, the amplitude neurotransmitter into synaptic vesicles and the synchrodistribution of MEPCs at mature neuromuscular juncnous exocytosis of these vesicles upon arrival of an tions assumes a Gaussian profile around the mean amaction potential in the nerve terminal. Studies of cholinplitude (bell-shaped distribution), which defines the ergic vesicles purified from the electric organ of Torpedo quantal size (del Castillo and Katz, 1954; Boyd and Marhave identified a vesicular transport activity for acetyltin, 1956 ). The transition from a skewed to a bell-shaped choline (ACh) (Parsons et al., 1993) . This activity dedistribution occurs during the first week in Xenopus pends on a proton electrochemical gradient generated nerve-muscle cultures, a process that appears to reflect by a vacuolar type H ϩ -ATPase and is selective for ACh. both a maturation of vesicular ACh packaging and an The compound vesamicol blocks cholinergic neuroincrease in receptor density at the subsynaptic memtransmission by interfering with vesicular ACh storage brane. Previous studies have shown that in 1-day-old (Prior et al., 1992) , and binding studies suggest that Xenopus nerve-muscle culture the variation in the MEPC vesamicol interacts directly with the transporter (Paramplitude is primarily due to a variation in the amount sons et al., 1993) . Recent studies of C. elegans mutants of ACh contained in the ACh packets, rather than differthat are defective in neuromuscular function have led ences in the postsynaptic ACh sensitivity or the amount to the identification of the gene unc-17 (Alfonso et al., of acetylcholinesterase at the synapse (Evers et al., 1993) . Based on its expression in cholinergic nerve end-1989) . In particular, the amplitude distribution of MEPCs, ings and the striking sequence similarity to a vesicular which is highly skewed toward smaller values, suggests transporter for monoamines (Liu et al., 1992; incomplete ACh filling of most synaptic vesicles. In the et al., 1992), the unc-17 gene product was proposed to present study, we took advantage of the immature stabe the vesicular ACh transporter (VAChT). Homologous tus of ACh packaging in developing neurons to examine genes were later cloned from Torpedo, rat, and human the function of VAChT by overexpressing the protein. A (Bejanin et al., 1994; shift in the amplitude distribution toward larger sizes would indicate higher levels of ACh per vesicle, and the al., 1994; Varoqui et al., 1994) . Sequence analysis of the transition from a skewed to a bell-shaped amplitude protein. Interestingly, the endogenous Xenopus protein distribution would suggest quantal maturation. The eleappeared to have a similar MW as the rat protein. The vated ACh transport activity may also increase the frepresence of VAChT protein in cultured Xenopus cells quency of MEPCs, since more vesicles loaded with suffiwas also examined by immunocytochemical staining of cient ACh would be available to generate detectable 1-day-old cultures, using antibodies to rat VAChT. In current events after exocytosis.
two separate cultures, 52 of 55 dextran-positive cells The rat VAChT cDNA or synthetic mRNA was exshowed strong immunostaining for VAChT, whereas 54 pressed in Xenopus neurons by injection into the early of 60 dextran-negative cells revealed very weak staining. blastomeres of Xenopus embryos. Previous studies
We also performed double immunofluorescence stainhave shown that introducing exogenous cDNA or mRNA ing with antibodies to the synaptic vesicle protein synapinto the blastomeres of early Xenopus embryos results tophysin as well as VAChT. As depicted by the examples in the expression of exogenous proteins in the progeny in Figures 1B-1D , the level of VAChT staining in neurons neurons and muscle cells derived from the injected blasderived from injected blastomeres showed substantial tomere. Presynaptic functions of spinal neurons were variation, while the level was much higher compared found to be affected by the presence of these foreign with that of neurons derived from noninjected blastoproteins at the neuromuscular junction (Alder et al., meres in the same culture. In contrast, a similar level of 1995). In the present study, we found that the expression punctuate staining of synaptophysin was observed in of rat VAChT by injection of either cDNA or mRNA leads different neurons. Double immunostaining of the same to a marked enhancement of ACh packaging at develneurons showed that the expressed VAChT molecules oping synapses, an effect which is observed only when are largely colocalized with synaptophysin, particularly VAChT is expressed in the presynaptic neurons, not in those associated with punctuate staining, suggesting the postsynaptic muscle cells. This effect can be seen the expression of VAChT in synaptic vesicles. in developing neurons prior to synaptogenesis and is blocked by L-vesamicol, a specific blocker of ACh uptake into synaptic vesicles. Mutational studies further
Quantal ACh Secretion at Developing Synapses indicate that two conserved aspartate residues preWithin 1 day following cell plating, many neurons and dicted to reside in the putative transmembrane domains muscle cells formed functional synapses (Buchanan et 4 and 10 are essential for its function. Taken together, al., 1989; Evers et al., 1989) . Spontaneous quantal transthese results provide strong evidence that this protein mitter release at the neuromuscular synapse was asacts as the vesicular ACh transporter in neurons. Fursayed electrophysiologically by whole-cell recording of thermore, expression of VAChT during development apsynaptic currents from the postsynaptic muscle cell. In pears to be a limiting factor in determining the transmit-1-day-old cultures, MEPCs recorded from postsynapter quantal size. Regulation of VAChT activity may thus tic muscle cells exhibited variable amplitude and freprovide a means of modulating the efficacy of synaptic quency. These current events were due to spontaneous transmission.
quantal release of ACh from the presynaptic neuron, as they were insensitive to tetrodotoxin (TTX), an agent known to block action potentials in this culture (Xie and Results Poo, 1986) . The mean frequency and mean amplitude of MEPCs after treatment with TTX (10 M) were 109% Ϯ Expression of Putative VAChT in Developing 10% and 95% Ϯ 9% (SEM, n ϭ 10), respectively, of Xenopus Neurons the values observed at the same synapse before the Rat VAChT cDNA or synthetic mRNA prepared from the treatment. However, when the properties of MEPCs cDNA was injected into one of the early blastomeres of were examined at synapses made by neurons derived Xenopus embryos at the 2-cell stage. Dextran conjufrom Xenopus blastomeres injected with VAChT cDNA gated with fluorescein isothiocyanate (FITC-dextran) [VAChT(ϩ)] or from noninjected blastomeres [VAChT(Ϫ)] was coinjected with the cDNA or mRNA as a fluoresin the same culture, a marked difference was observed. cence marker for the identification of progeny cells deAs shown by the pair of recordings depicted in Figure  rived from the injected blastomere. Cultures of dissoci-2A, both the mean amplitude and the mean frequency ated spinal neurons and muscle cells were prepared of MEPCs were much higher at synapses made by the from these embryos 1 day after injection (see ExperiVAChT(ϩ) neuron. Since both the presynaptic neuron mental Procedures). The expression of putative rat (N) and the postsynaptic myocyte (M) may express (ϩ) VAChT in the Xenopus cells was confirmed first by Westor may not express (Ϫ) the exogenous VAChT, we have ern analysis of the embryos injected with VAChT cDNA analyzed the mean peak amplitude and frequency of or mRNA, using polyclonal antibodies raised against MEPCs for four possible combinations: NϩMϩ, NϩMϪ, the C-terminus of the rat VAChT protein, which has a NϪMϩ, or NϪMϪ. As shown in Figure 2B , higher values predicted MW of 56.5 kDa (Gilmor et al., 1996) . Figure were observed when the neuron was VAChT(ϩ), irre-1A shows a much higher level of the protein at ‫55ف‬ kDa spective of the expression in the postsynaptic muscle in the injected embryos as compared with the nonincell. A relative assessment of the overall amount of sponjected embryos 1 day after injection of the cDNA or taneous vesicular secretion of ACh was also made by mRNA for VAChT. The weak staining of noninjected emintegrating the current over time to obtain the total bryos may reflect expression of endogenous Xenopus charge associated with all MEPCs within a unit of time VAChT protein at a lower level, or a poor recognition of Xenopus VAChT by the antibodies raised against the rat (min) at each synapse. This measure integrates changes (A) Western blot analysis of rat VAChT in noninjected and injected embryos at the indicated time after fertilization, using polyclonal antibodies against the putative rat VAChT. Putative VAChT cDNA or mRNA was injected into one of the early blastomeres of Xenopus embryos at the 2-cell stage. Proteins from one embryo were loaded into each lane. The size of molecular weight markers is shown on the left side. The arrow indicates a band at ‫55ف‬ kDa, which is likely to represent the VAChT protein (Gilmor et al., 1996) . in both the frequency and the amplitude of MEPCs, and VAChT facilitates ACh packaging into synaptic vesicles, which only occurs with VAChT expression in the presynwe have found a Ͼ10-fold increase in the total amount of ACh released from VAChT(ϩ) neurons. These results aptic neuron. Since expression in the muscle cells had no effect on the properties of MEPCs, we have grouped are consistent with the expectation that exogenous rat the results regardless of the status of muscle expression I(ϩ)] showed no detectable change in the measurements of MEPCs compared with control synapses [pcDNA I(Ϫ)] in the summary histograms shown in Figure 2C . In contrast to the marked effect on amplitude and frequency, in the same set of cultures. The results are summarized in the histograms shown in Figure 2C . the rise and decay times of MEPCs showed no significant difference in all cases (data not shown), suggesting no obvious effects of VAChT expression on the distribution, density, or conductance properties of postsynaptic Amplitude Distribution of MEPCs To determine the effect of VAChT on ACh packaging, ACh channels. Finally, to determine whether the microinjection of DNA alone perturbed secretion, we have introfurther analysis of the MEPC amplitude distribution was performed. The increase in the mean amplitude could duced a pcDNA I vector without the rat VAChT cDNA into Xenopus embryos. MEPCs in cultures prepared from the result from a general shift of quantal size toward larger amplitudes or from the appearance of a subpopulation injected embryos were recorded as described above. We found that synapses made by neurons derived from of quanta with large amplitudes. Figure 3 depicts typical examples of MEPC amplitude distributions at synapses the blastomeres injected with the empty vector [pcDNA The top three rows depict representative histograms of MEPC amplitude distribution obtained from individual myocytes innervated by neurons derived from noninjected blastomeres (A), or from blastomeres injected with an empty pcDNA I vector (B) or a vector containing VAChT cDNA (C). (D) Comparison of the amplitude distribution of MEPCs. The cumulative probability refers to the percentage of all events with amplitudes smaller than or equal to a given value. Data are obtained from synapses made by (1) neurons expressing VAChT (n ϭ 28), (2) control neurons not expressing VAChT in the same group of embryos as in (1) (n ϭ 29), (3) neuron expressing empty vector pcDNA I (n ϭ 16), (4) control neurons not expressing the empty vector in the same group of embryos as in (3) (n ϭ 17), (5) neurons expressing VAChT but treated with 2 M L-vesamicol (n ϭ 9), and (6) control neurons not expressing VAChT in the same group of embryos as in (5) made by control neurons derived from noninjected blas-3D. The distribution of MEPC amplitudes for synapses made by VAChT(ϩ) neurons was found to be signifitomeres and neurons derived from blastomeres loaded with the empty vector alone or with VAChT cDNA. The cantly different from that for synapses made by pcDNA I(ϩ), VAChT(Ϫ), or pcDNA I(Ϫ) neurons (p Ͻ 0.01, Kolmononinjected control and empty vector control synapses showed a monotonic skewed distribution of MEPCs, as gorov-Smirnov test). In a separate series of experiments, in vitro transcribed mRNA made from cDNA encoding rat described previously, at these developing synapses (Xie and Poo, 1986; Evers et al., 1989) . In 35 of 42 noninjected VAChT, rather than the cDNA, was injected into Xenopus blastomeres. Similar enhancement of MEPC amplitude control and in 17 of 19 empty vector(ϩ) synapses, the smallest amplitude bin (0-100 pA) contained the highest and frequency was observed at synapses made by neurons derived from mRNA-injected blastomeres (Figure number of events. In contrast, only 5 of 29 VAChT(ϩ) synapses exhibited the most frequent events at this 4A). The cumulative probability plot for the amplitude distribution of MEPCs was found to be indistinguishable bin. Furthermore, 10 of 29 synapses made by VAChT(ϩ) neurons showed a distinct Gaussian profile at higher from that observed with cDNA injection ( Figure 4B ). amplitudes, reminiscent of the amplitude distribution of MEPCs observed at more mature synapses in these
Effect of L-(Ϫ)-vesamicol
Previous pharmacological studies have shown that cultures (Lu et al., 1992) . In contrast, such a Gaussian profile of MEPC amplitude was rarely observed at nonin-L-vesamicol specifically inhibits ACh packaging into synaptic vesicles (Prior et al., 1992) . In addition, L-vesajected control and empty vector(ϩ) synapses (1 of 42 and 1 of 19, respectively). micol binding has been used as evidence for the physiological function of the putative VAChT (Erickson et al., Quantitative comparison of the amplitude distribution between various groups of synapses was made by con-1994) . If the effects that we observed on quantal secretion were due to increased transporter activity, L-vesamicol structing the cumulative probability plot shown in Figure 
-test).
(B) Comparison of amplitude distribution of MEPCs. Cumulative probability was calculated as described in Figure 3D . Data are obtained from synapses made by (1) neurons expressing rat VAChT mRNA (n ϭ 19), (2) control noninjected neurons in the same group of embryos as in group one (n ϭ 21), (3) neurons injected with VAChT cDNA (n ϭ 28), and (4) control noninjected neurons in the same group of embryos as in group three (n ϭ 29). Data for groups three and four are the same as those shown for groups one and two in Figure 3D . should block them. At control VAChT(Ϫ) synapses devesamicol treatment. Thus, it is unlikely that vesamicol had any significant effect on the postsynaptic ACh senrived from noninjected Xenopus blastomeres, we found that treatment with 2 M of L-(Ϫ)-vesamicol markedly sitivity under these experimental conditions. reduced the amplitude, frequency, and total charge of MEPCs, without apparent effect on the time course of Increased ACh Packaging in Isolated Neurons prior to Synaptogenesis the individual events ( Figure 5 ). This effect on the synaptic currents was presumably due to reduced ACh loading It is well known that postsynaptic cells exert retrograde influence on the differentiation of presynaptic neurons, by endogenous VAChT. With the same vesamicol treatment, we found that the mean amplitude and frequency including determination of transmitter phenotype (Landis, 1990) . Although the presence of VAChT in the postof MEPCs at synapses made by VAChT(ϩ) neurons were reduced to the same levels as those from synapses synaptic myocyte did not affect the enhancement of ACh packaging in VAChT(ϩ) neurons, it is nonetheless made by control VAChT(Ϫ) neurons treated with vesamicol ( Figure 5 ; also see Figure 3D ). Both the rise and decay possible that the action of presynaptically expressed VAChT in ACh packaging depends on the presence of times of MEPCs were unaffected (data not shown). The residual amount of quantal ACh secretion in vesamicolpostsynaptic muscle cells. We have therefore determined whether increased ACh packaging can occur in treated cultures may result from either incomplete inhibition of VAChT by vesamicol or VAChT-independent isolated neurons prior to the contact with the myocyte. In Xenopus cultures, previous studies have shown that mechanisms of vesicular ACh accumulation.
To confirm that vesamicol did not affect postsynaptic spontaneous and evoked ACh secretion can occur prior to synaptogenesis, using a myocyte or an excised patch sensitivity to ACh, we directly assayed the effect of vesamicol on the ACh sensitivity of the muscle cells, using of muscle membrane as a detector of the released ACh (Young and Poo, 1983; Sun and Poo, 1987) . In the presiontophoretic application of identical ACh pulses at the muscle surface. We found that in the presence of 2 M ent study, we examined MEPCs that occurred immediately following the contact with a manipulated myocyte, of L-(Ϫ)-vesamicol the average peak amplitude of AChinduced currents was 108% Ϯ 10% (SEM, n ϭ 10 cells) assuming that spontaneous quantal release at this early time involves the exocytosis of vesicles packaged prior of that observed at myocytes in the absence of the to the myocyte contact. After achieving whole-cell reTwo Aspartate Residues Essential for the Transporter Function cording of an isolated spherical myocyte, the cell was manipulated into contact with growth cones of isolated To explore the molecular mechanism of the VAChT function, we introduced two single mutations into the rat spinal neurons in the same culture ( Figure 6A ). The immediate appearance of MEPCs, previously shown to be
VAChT by site-directed mutagenesis. As illustrated in Figure 7A , mutation D193N involves a replacement of induced by contact (Xie and Poo, 1986) , was assayed during the first 5 min following the initial contact of the an aspartate residue in transmembrane domain 4 with asparagine. This residue shows conservation in all the myocyte. To minimize the effect due to the variation in ACh sensitivity of the myocyte, the same myocyte was VAChT cDNAs from different species, but not in the vesicular monoamine transporters, suggesting a possiused to measure ACh release from several growth cones of both VAChT(ϩ) and VAChT(Ϫ) neurons in the same ble role in substrate recognition. The second mutation D398N involves a similar replacement of aspartate 398 culture in a random order. An example of recordings made by a myocyte from two different growth cones is in transmembrane domain 10 with asparagine. This residue is conserved among all vesicular neurotransmitter shown in Figure 6B . We found that the mean amplitude, frequency, and total charge of MEPCs were much higher transporters identified so far. Neutralization of the homologous residue in monoamine transporters disrupts for VAChT(ϩ) neurons ( Figure 6C ). The higher level of quantal ACh secretion during the initial phase of neuronthe function (Steiner-Mordoch et al., 1996; Merickel et al., 1997) . In vitro synthesized mRNA for the VAChT muscle contact supports the notion that the elevated ACh packaging had occurred prior to the muscle conmutants was injected into Xenopus blastomeres. Western analysis shows that the mutant proteins were extact. The differences between the VAChT(ϩ) and VAChT(Ϫ) neurons, however, were slightly smaller than pressed in Xenopus embryos at a similar level to wildtype rat VAChT and exhibited the same electrophoretic those observed at natural synapses in 1-day-old cultures, suggesting that further enhancement of ACh mobility ( Figure 7B ). Using cultures prepared from the injected embryos, we found that D193N completely packaging had occurred after synapse formation. Some inductive action of the postsynaptic muscle cell may abolished the transport function of the introduced VAChT ( Figure 7C ). Interestingly, D398N reduced the directly or indirectly affect further maturation of the quanta.
mean amplitude, frequency, and total charge of MEPCs to a level significantly below that of noninjected controls.
VAChT by cholinergic neurons, however, the expression of VAChT cDNA in a variety of cell lines has failed to Again, the rise and decay times of MEPCs showed no significant differences in all cases (data not shown), yield ACh transport activity using standard membrane preparations (E. F., E. B., and R. H. E., unpublished data). suggesting no postsynaptic effects.
One group has reported ACh uptake into intact cells that shows inhibition by vesamicol . Discussion Surprisingly, a semipermeabilized cell preparation more appropriate to demonstrate uptake by intracellular vesiPrevious studies have indicated the existence of four cles did not reveal ACh transport activity. Recently, the distinct vesicular transporter activities for classical neusame group has reported vesamicol-sensitive ACh uprotransmitters, including those for monoamines, ACh, take by membranes prepared from PC 12 cells stably glutamate, and ␥-aminobutyric/glycine (Sudhof and Jahn, expressing VAChT Erickson, 1996), sug-1991; Edwards, 1992; Schuldiner et al., 1995) . Molecular gesting that the transport activity may require exprescloning has identified two proteins involved in vesicular sion of the transport protein in a neuroendocrine cell. monoamine transport (VMAT1 and 2), and several biochemical assays have established the physiological Our observations now provide direct physiological evidence of vesicular ACh transport activity by rat VAChT function of these proteins in a variety of heterologous expression systems (Erickson et al., 1992; expressed in a cholinergic neuron. The blastomere injection method has been used in sev-1992; Schuldiner et al., 1993; Merickel et al., 1995) . Similar to vesicular monoamine transport, vesicular ACh eral previous studies of synaptic vesicle proteins. Overexpression of rat synaptophysin and synaptotagmin transport involves proton exchange (Parsons et al., 1993) . The sequence similarity of unc-17 and its verteincreased and decreased the frequency of MEPCs, respectively (Alder et al., 1995; T. Morimoto and M. M. P., brate homologs to VMATs further supports their similarity in function. Despite the selective expression of unpublished data), without affecting the mean amplitude or amplitude distribution of MEPCs. In contrast, overexsufficient ACh to produce detectable postsynaptic events (amplitude Ͼ10 pA) will be increased. On the other hand, pression of rat VAChT markedly increases both the mean amplitude and the frequency of MEPCs. These differVAChT may also promote maturation or the formation and stability of synaptic vesicles, resulting in more filled ences provide strong evidence that the effect on the quantal events found in the present study reflects a vesicles available for spontaneous release. It may also facilitate exocytosis, leading directly to a higher frespecific effect on ACh packaging. Thus, although immunostaining of cultured Xenopus neurons indicates that quency of spontaneous ACh release. Nonetheless, a specific role for this VAChT protein in ACh packaging VAChT colocalizes with synaptophysin, the function of VAChT in the vesicle clearly differs from that of synaptois strongly supported by the observation that vesamicol, a drug known to inhibit ACh transporter function in vivo physin and synaptotagmins, proteins implicated in other aspects of the synaptic vesicle cycle. and in vitro (Prior et al., 1992) , completely blocked the effects of expressing this protein on MEPCs. A potential Synapses made by VAChT(ϩ) spinal neurons exhibited MEPCs of larger mean amplitude and higher freeffect of vesamicol on the ACh sensitivity of the myocyte was excluded by iontophoretic tests of the ACh sensitivquency. The increased amplitude directly reflects larger amounts of ACh packaged into the synaptic vesicle. The ity of the myocyte after the drug treatment.
The observed effect of VAChT on MEPCs apparently increased ACh packaging may contribute in part to the increase in frequency, since the number of vesicles with requires its expression in the presynaptic neuron, while expression in the postsynaptic muscle cell had no influet al., 1997) . Since the pH gradient across the vesicle membrane normally appears to prevent reverse flux by ence on MEPCs ( Figure 2B ). We found that the rise and decay times of MEPCs were unchanged in all experithe VMATs (Maron et al., 1983) , neutralization of aspartate 398 in VAChT may eliminate its ability to sense the mental conditions, regardless of the site of VAChT overexpression, further arguing against any effect of the gradient. This will promote ACh efflux, thus reducing the storage of ACh by endogenous Xenopus VAChT. protein expression on postsynaptic ACh channel properties. Indeed, the postsynaptic muscle seems unlikely In summary, we have provided physiological evidence that a putative VAChT protein functions as the ACh to have an inductive or permissive role for the presynaptic action of VAChT. Larger and more frequent quantal transporter across the synaptic vesicle in cholinergic neurons. Furthermore, our results indicate that quantal release was observed immediately following the contact of the muscle with the VAChT(ϩ) neuron (Figure 6 ), sugsynaptic transmission can be modulated directly by altering the level of expression of wild-type vesicular gesting that the effect of VAChT on ACh packaging had begun in the isolated neuron prior to synaptogenesis, transporter or by expressing exogenous mutant proteins. The level of vesicular monoamine transporter conin the absence of the muscle cell. This result, however, did not exclude the possibility that the muscle cell can tent of chromaffin granules was found to be elevated by depolarization of the chromaffin cells ( Mutational studies of rat VAChT indicate the imporg/l; for mRNA, it is 1 g/l. About 2 ng DNA or 1 ng mRNA was tance of specific amino acid residues in the transport injected into one blastomere of Xenopus embryo at the 2-cell stage mechanism. Replacement of aspartate 193 by asparausing a Picosprizer (General Valve, NJ), as described previously (Alder et al., 1995) . The embryos were kept at room temperature for gine completely abolished the enhancement of ACh 24 hr prior to the preparation of dissociated cell cultures.
packaging. This residue is conserved in all VAChT sequences isolated from different species but not in VMATs. Our results are consistent with its possible role rat VAChT (Gilmor et al., 1996) (1:1000 dilution) for 1 hr at room The D398N mutation could exert such an effect through temperature. Membranes were rinsed and incubated for 1 hr with peroxidase-conjugated goat anti-rabbit IgG (1:1000 dilution) at room multiple distinct mechanisms. First, the mutant could 
